The present study established the way in which plastidial a-glucan phosphorylase (Pho1) synthesizes maltodextrin (MD) which can be the primer for starch biosynthesis in rice endosperm. The synthesis of MD by Pho1 was markedly accelerated by branching enzyme (BE) isozymes, although the greatest effect was exhibited by the presence of branching isozyme I (BEI) rather than by isozyme IIa (BEIIa) or isozyme IIb (BEIIb). The enhancement of the activity of Pho1 by BE was not merely due to the supply of a non-reducing ends. At the same time, Pho1 greatly enhanced the BE activity, possibly by generating a branched carbohydrate substrate which is used by BE with a higher affinity. The addition of isoamylase to the reaction mixture did not prevent the concerted action of Pho1 and BEI. Furthermore, in the product, the branched structure was, at least to some extent, maintained. Based on these results we propose that the interaction between Pho1 and BE is not merely due to chain-elongating and chain-branching reactions, but occurs in a physically and catalytically synergistic manner by each activating the mutual capacity of the other, presumably forming a physical association of Pho1, BEI and branched MDs. This close interaction might play a crucial role in the synthesis of branched MDs and the branched MDs can act as a primer for the biosynthesis of amylopectin molecules.
Introduction a-Glucan phosphorylase (Pho) catalyzes a reversible glucosyl transfer reaction either in the direction of glucan synthesis from glucose 1-P (G1P) in the presence of glucan primer liberating orthophosphate (Pi) or, if Pi is abundant, in the direction of glucan phosphorolysis forming G1P. In both cases, the non-reducing end(s) of the glucan primer act(s) as glucosyl acceptor and donor, respectively. The metabolic function of Pho has evoked a great deal of debate (see review by Schupp and Ziegler 2004) . One widely accepted idea, according to which the physiological function of Pho1 is to degrade rather than to synthesize glucans, is based on the observations that Pho1 has a low affinity for G1P and that the ratio of the concentration of Pi to that of G1P is relatively high in plant cells (Preiss and Sivak 1996) . Recently Satoh et al. (2008) provided evidence that a rice mutant defective in the Pho1 gene had a shriveled kernel particularly when grown under low temperature, indicating that Pho1 is involved in starch biosynthesis in rice endosperm. Based on biochemical analysis of the mutants, the authors proposed that Pho1 plays a crucial role in the initiation process of starch synthesis in rice endosperm. Dauvillée et al. (2006) also demonstrated evidence for the involvement of Pho in starch synthesis in Chlamydomonas reinhardtii. Hwang et al. (2010) showed that under the physiological condition of a high molar Pi/G1P ratio, Pho1 can elongate malto-oligosaccharides (MOS) which subsequently can act as the substrate for starch synthase (SS). Fettke et al. (2010) reported that potato tuber discs efficiently incorporated G1P into starch granules. This result indicates that G1P and glucose 6-P (G6P) are imported into the potato tuber amyloplast, and the plastidial G1P can be metabolized to starch granules by the action of Pho1. In other words, the G1P-dependent pathway functions in the potato tuber amyloplast in addition to the conventional route from G6P to starch catalyzed by plastidial phosphoglucomutase and ADP-glucose pyrophosphorylase.
Plant Pho is known to have properties distinct from those of animal Pho (Nakamura and Imamura 1983 , Steup 1988 , Newgard et al. 1989 , Mori et al. 1993 , Schupp and Ziegler 2004 . Although glucan synthesis by Pho1 has been examined under various reaction conditions, little is known concerning the mechanism of the involvement of Pho1 in the process of initiation of starch biosynthesis. One of the ideas put forward is that Pho1 acts on MOS to produce linear maltodextrin (MD) of a length sufficient for a subsequent branching reaction mediated by starch branching enzyme (BE) . This idea appears to be sound because it explains how MOS which might be liberated by the action of debranching enzyme have a crucial function during starch synthesis (James et al. 1995 , Nakamura 2002 , Ball and Morell 2003 . In contast to this idea, our recent results with purified BE isozymes from rice provide evidence that the minimum chain length of BEI for linear MD is about DP (degree of polymerization) 48 and that of BEIIa or BEIIb exceeds DP100 . However, BE can act on short chains of branched glucans with a chain length of DP !12 (Guan 1997 , indicating that BE can act on much shorter chains of branched glucans or MDs compared with linear molecules. Since a significant amount of linear MOS or MDs with DP !10 is not detectable in plant cells, it is unlikely that the elongation reaction of Pho1 with MOS is physiologically meaningful. Thus, a more likely idea is that branched glucan or MD, but not linear molecules, is involved in the process of initiation of starch biosynthesis. If this is the case, knowledge of the interaction between Pho1 and BE is important to understand glucan synthesis, although previous studies have examined the situation in vitro using a single enzyme.
In the present investigation, the interaction between Pho1 and BE was analyzed in detail using Pho1 and three BE isozymes, BEI, BEIIa and BEIIb, from rice. It is known that each BE isozyme has distinct properties, strongly suggesting that each isozyme has a specific role in starch biosynthesis in rice endosperm (Nishi et al. 2001 , Nakamura 2002 . This study establishes a close functional interaction between Pho1 and BE isozymes by accelerating mutual capacities for chain elongation and chain branching. This interaction might play an important role in the synthesis of branched MD from small primers, and the product can possibly become the precursor for starch molecules.
Results a-Glucan synthesis by plastidial Pho1 in either the absence or presence of cluster dextrin (CD) and effects of BE isozymes on a-glucan synthesis by Pho1 a-Glucan synthesis was studied by using the plasitidial phosphorylase isozyme, Pho1, from rice. In this study, G1P was pre-treated with a fungal (Rhizopus sp.) glucoamylase so that glucans and/or MD primers, if any, were expected to be hydrolyzed to free glucose molecules, although the amount of glucose liberated by this treatment was at an undetectable level, at <0.2 nmol glucose equivalents per 50 mmol G1P. The enzymatic activity was tested in the absence or presence of CD, which was derived from maize endosperm amylopectin, as glucan primer. In the absence of the exogenous primer, Pho1 purified from developing rice endosperm had no detectable glucan synthesizing activity at 50 mM G1P when staining of the products with iodine solution was attempted (Fig. 1A) . However, it is striking to note that the unprimed glucan synthesis by Pho1 was recovered by the addition of BE isozymes when reactions were run for 60 min at 50 mM G1P, which enabled the G1P concentration to be above the K m value of rice Pho1 for G1P (3.82 mM; Hwang et al. 2010 ) during the reactions (Fig. 1A) . This effect was seen with all of the BE isozymes, although the color of iodine-stained glucans differed among the isozymes (Fig. 1A) . The deepest reddish color of the iodine-stained glucans and the highest amount of synthesized glucans were observed with the combination Pho1-BEI as compared with Pho1-BEIIa and Pho1-BEIIb (Fig. 1A) , suggesting that BEI interacts more strongly with Pho1 than do the other BE isozymes. The purified BEI preparation did not contain glucans and/or MDs at measurable levels, with <0.2 nmol glucose equivalents per 50 mg of the BEI protein. Similarly, no substantial amount of glucan and/or MD was detected in the purified Pho1 preparation. In this study, the iodine staining was taken as an approximation of the amount of glucan formed and a representation of the composition of glucose polymers because the absorbance spectrum of the iodine complexes varies depending on the type of glucans. Thus, the amounts of glucans were also directly measured by an enzymatic method. Fig. 1A shows that the amount of glucan was significantly greater in the Pho1-BEI reaction product (432 ± 28 mg glucose equivalents per 100 ml of reaction mixture per 60 min) than that in the Pho1-BEIIa and Pho1-BEIIb reaction products (358 ± 25 and 363 ± 31 mg glucose equivalents per 100 ml of reaction mixture per 60 min, respectively).
Characterization of the a-glucans formed by the concerted action of Pho1-BEI Pho1 was, to some extent, capable of synthesizing glucans in the presence of CD, but the addition of BEI greatly enhanced the activity of Pho1 (Fig. 1B) . More importantly, BEI enhanced the glucan synthesizing capacity of Pho1 even in the absence of CD (Fig. 1B) . In the absence of CD, the Pho1-mediated glucan syngthesizing activity exhibited a lag for approximately 5 min and, subsequently, the rate was similar to that observed in the presence of CD. However, for glucan synthesis by Pho1 in the presence of CD, no such lag was observed. Interestingly, the highest rate of glucan synthesis by Pho1 plus BEI in the absence of CD greatly exceeded that by Pho1 in the presence of only CD. These results strongly suggest that the enhancement of Pho1-mediated glucan synthesis by BEI is not simply caused by the increased number of non-reducing ends produced by BEI but is due rather to the close interaction between Pho1 and BEI.
Fig . 1C demonstrates the effects of CD concentrations on glucan synthesis by Pho1. Glucan synthesis by Pho1 only increased with the CD concentration up to approximately 0.3 mg ml À1 and, subsequently, saturation was reached. The K m value of rice Pho1 for CD (approximately 0.1 mg ml À1 ) was in the same range as that of rice Pho1 for amylopectin (0.090 ± 013 mg ml À1 ) (Hwang et al. 2010 ). The addition of BEI dramatically stimulated Pho1-mediated glucan synthesis. The effect of BEI slightly increased with increasing CD concentrations until approximately 0.3 mg ml
À1
. Interestingly, in the presence of BEI but in the absence of CD, the rate of glucan synthesis by Pho1 was much higher than that observed at saturating CD concentration in the absence of BEI (Fig. 1C) . This indicates that the enhancement of the Pho1-mediated glucan synthesis that was exerted by BEI was not simply due to the increased amounts of non-reducing ends of an a-glucan available for the Pho1 reaction, but was possibly achieved by the functional coordination between Pho1 and BEI.
The Pho1-BEI interaction was examined with varying Pho1 activities in the presence of two fixed levels of BEI protein (0.5 and 2.8 mg protein per 100 ml of reaction mixture) (Fig. 1D ). In the absence of any added primer, the synthesis of glucan by Pho1 as affected by BEI increased with increasing Pho1 activity. The results show that the extent of the Pho1-BEI interaction was significantly influenced by the ratio of activities and/or the amounts of the two enzymes.
In an attempt to clarify further the interaction between Pho and BE, the fine structure of the a-glucans produced was analyzed. The carbohydrate products were debranched and, subsequently, the reducing end of each linear chain released was labeled with a fluorescent probe, 8-amino-1,3,6-pyrenetrisulfonic acid (APTS). The fluorochrome-labeled chains were separated by capillary electrophoresis followed by fluorescence detection (Morell et al. 1998 ). The fluorophore-assisted carbohydrate capillary electrophoresis (FACE) method permits quantification of MDs with chain lengths ranging from DP5 up to a DP of about 80 on a molar basis as each analyte molecule, irrespective of its size, contains a single fluorochrome and the sensitiviy of fluorescence detection is largely unaffected by the DP. The chain length distribution of the debranched glucans varied with Pho1-BE isozyme combinations (Fig. 2) . The debranched product of the reaction between Pho1 and BEI for 60 min at 30 C in a final volume of 100 ml had a large peak corresponding to a DP of 11 and a small peak of DP6 ( Fig. 2A) , whereas the most abundant chains of Pho1-BEIIa and Pho1-BEIIb products were DP6 (Fig. 2B ) and DP7 plus DP6 (Fig. 2C) , respectively. These profiles were similar to those produed by the corresponding BE isozyme when acting in vitro on amylopectin or amylose . It is also noted that FACE did not reveal any significant peaks when the products of the reaction were immediately labeled A B C D Fig. 1 The synthesis of glucan by rice Pho1 in either the presence or absence of cluster dextrin (CD) and/or rice BEI isozymes. (A) The iodine-stained products of unprimed glucan and/or MD synthesis by Pho1 in the presence or absence of each BE isozyme. The enzymatic reaction (a final volume of 100 ml) was performed at 30 C for 60 min in a mixture containing 50 mM HEPES-NaOH buffer (pH 7.0), 50 mM G1P and Pho1 (2.7 mg of protein) in the presence or absence of BEI (2.8 mg of protein), BEIIa (1.8 mg of protein) or BEIIb (3.6 mg of protein). Numbers in parentheses indicate the amount of glucans expressed as mg of glucose equivalents per 100 ml of reaction mixture per 60 min. Each value represents the mean ± SD of three separate measurements, as described in the Materials and Methods. (B) Time courses of Pho1 reaction in the presence of BEI and CD. Green, Pho1 + BEI + CD; red, Pho1 + BEI; blue, Pho1 + CD. The vertical axis shows the amount of MD synthesized in a reaction volume of 100 ml. The bars show the SD of three separate measurements. The other conditions were the same as in A. (C) Effects of concentrations of CD on the Pho1 reaction and Pho1-BEI interaction. Red, Pho1 + BEI; blue, Pho1. Bars show the SD of three separate measurements. The other conditions were the same as in B, except that the reactions were run for 30 min. (D) Effects of Pho1 activities on the Pho1-BEI interaction. The amount of BEI in 100 ml of the reaction mixture: red, 0.5 mg of protein; blue, 2.8 mg of protein. Bars show the SD of three separate measurements. The other conditions were the same as in B, except that the reactions were run for 30 min.
with APTS and the enzymatic debranching of the reaction products was omitted (data not shown). This indicates that the products predominantly contained branched glucans or MD rather than linear dextrins.
Effect of the presence of isoamylase during the enzymatic reaction of Pho1 and BE
To characterize the interaction between Pho1 and BE isozymes, isoamylase from Pseudomonas amyloderamosa (PaISA) was Y. Nakamura et al. added to the reaction mixture so that the a-1,6-glucosidic linkages in the products formed by the BE reaction were rapidly debranched. The amount of glucans and/or MDs formed by Pho1 plus BEI, BEIIa or BEIIb was not markedly affected by the addition of PaISA to the reaction mixture (compare the results shown in Fig. 3A with those in Fig. 1A) , suggesting that the reaction between Pho1 and BE itself was not impaired even if the synthesized products were immediately debranched by PaISA. The chain length distribution of the Pho1-BEI reaction product differed markedly in the presence of PaISA (Fig. 4A) . The proportion of short chains of from DP6 to about DP25 was greatly decreased by the activity of PaISA in the Pho1-BEI reaction mixture, whereas that of longer chains of DP !26 was higher compared with the proportion in the absence of PaISA (compare Fig. 4A with Fig. 2A) . When the glucan products from the Pho1-BEI reaction in the presence of PaISA were directly labeled with APTS immediately after the reaction, these MDs, both branched and linear, had fewer short components of from DP6 to about DP25 as compared with those which were completely debranched with PaISA after the enzymatic reaction (compare Fig. 4B with Fig. 4A ). This observation indicates that even in the presence of PaISA, branched MDs and/or glucans which were mainly composed of short chains of DP6-DP25 were present to some extent in the reaction mixture. All these results suggest that Pho1 and BEI closely interacted even in the presence of PaISA, and during the enzymatic reactions some branched MDs were protected against a hydrolytic attack by PaISA, whereas the proportion of the linear dextrins to branched dextrins was larger in long chains than in short chains when the Pho1-BEI reaction was carried out in the presence of PaISA.
The activity of the PaISA preparation in the same assay conditions as those used for the Pho1-BEI reaction was determined to be 55 nmol min À1 in 100 ml of the reaction mixture when CD was used as the substrate (data not shown). Thus, the PaISA activity was much higher than that required for a complete debranching of the glucans synthesized by Pho1 plus BEI under the conditions used. Likewise, it is more than sufficient for the debranching of MDs or glucans that presumably are present in the purified BE and/or Pho1 preparations.
The treatment of the Pho1 and BEI preparations with PaISA at 30 C for 20 min before the addition of G1P did not influence the subsequent glucan synthesis for 60 min at 30 C (compare the amount of glucan shown in Fig. 3B with that in Fig. 3A) . The result suggests that free branched glucans accessible to PaISA, that may be present in the Pho1 and/or BEI preparations, are not required for the interaction between Pho1 and BEI. However, we cannot exclude the possibility that a small amount of MD is tightly bound to either or both of the enzyme preparations and this glucan primer cannot be attacked by PaISA. The chain length distributions of the branched MDs and free MOS were unaffected even when Pho1 and BEI had been treated with PaISA before the onset of the glucan synthesizing reaction by the addition of G1P (data not shown), suggesting that the glucan primers, if any, included in the Pho1 and/or BEI preparation were tightly bound to the enzyme(s).
Discussion

Functional interaction between Pho and BE isozymes
The present study reports on an involvement of Pho1 in starch biosynthesis by showing the biochemical basis of the interaction of Pho1 and BE. The results clearly showed that the synthesis of glucan by Pho1 was favored by the presence of BE even if the reaction mixture lacked any exogenous glucan primer. The results suggest that the interaction between the two enzymes is initiated by the endogenous primer(s) associated with the BE or Pho1 preparation or other reagents A B Fig. 3 Effects of Pseudomonas amyloderamosa isoamylase (PaISA) on the interaction of Pho1 and BE isozymes. (A) The iodine staining of the products formed by reactions including Pho1 and each BE isozyme in the presence of PaISA (66 ng protein per 3.9 U) for 60 min at 30 C in a final reaction volume of 100 ml. Numbers in parentheses indicate the amount of glucans of the unprimed glucan and/or MD synthesis by Pho1 in the presence of each BE isozyme expressed as mg of glucose equivalents per 100 ml of reaction mixture per 60 min. Each value represents the mean ± SD of three separate measurements. The other conditions were the same as in Fig. 1A. (B) The effect of pre-incubation of Pho1 and BEI with PaISA for 20 min at 30 C, followed by the enzymatic reaction for 60 min at 30 C with the addition of G1P. The iodine staining of the product formed by the enzymatic reaction is shown. The amount of glucans of the unprimed glucan and/or MD synthesis is shown as described in A. The other conditions were the same as in Fig. 1A. representing a specific MD with a distinct fine structure rather than by an exogenous primer such as CD. However, since the amount of the possible endogenous MD which might be included in the enzyme preparation(s) and/or the reagent(s) used was too low to measure, the exact nature and structure of the endogenous MD are unknown.
There are several features of the interaction between Pho1 and BE. First, the enhancement of the glucan synthetic activity of Pho1 by BEI is not merely due to a supply of the reducing ends for Pho1 by BE because the activity of glucan synthesis by only Pho1 in the presence of a saturating concentration of exogenous glucan (CD) was much lower than that by Pho1 + BE isozyme in the absence of CD (Fig. 1B) .
Secondly, the branching activity of BE was seemingly enhanced by the presence of Pho1. A recent study of the vitro reaction of rice BE isozymes indicates that the K m values of BEI, BEIIa and BEIIb for branched glucan are about 18, 1.5 and 1.3 mg ml
À1
, respectively ). However, the amount of glucan in the Pho1-BEI reaction mixture was undetectable before the start of the reaction and still much lower even 10 min after the initiation of the enzymatic reaction in the absence of CD (about 0.1 mg ml À1 ; Fig. 1B ) than the K m value of BEI (18 mg ml À1 ). Therefore, in the presence of Pho1, BEI could generate branched glucans under such low concentrations of glucans, and, subsequently, they were used by Pho1 for further glucan synthesis. In addition, the minimum chain length of linear MD for BEI is known to be about DP48 while BEIIa and BEIIb can barely attach to MDs with DP 100 . All these results indicate the close interaction between Pho1 and BE. Fig. 4 Effects of the presence of PaISA on the chain length distribution of reaction products formed by enzymatic reactions of Pho1 and BEI. (A) Chain length of the product obtained after the unprimed reaction between Pho1 and BEI in the presence of PaISA in the reaction mixture as in Fig. 3A . After the enzymatic reaction at 30 C for 60 min, all the product was completely debranched by PaISA. The resulting linear dextrins were labeled with APTS, and analyzed by the FACE method, as described in the Materials and Methods. (B) Chain length of the product obtained after the unprimed reaction between Pho1 and BEI in the presence of PaISA in the reaction mixture in the same way as described in A, except that the products were directly (without any enzymatic debranching procedure) labeled with APTS and analyzed by the FACE method, as described in A.
A B
Thirdly, the products of the Pho1-BEI reaction were found to have a largely branched structure (Fig. 2) . The observation that the rate of glucan synthesis by Pho1 was much higher in the BEI-containing reaction mixture that lacked any exogenous glucan primer as compared with that with the exogenous glucan in the absence of BE (Fig. 1B, C) indicates that the synthetic activity of Pho1 is accelerated by the interaction with BE and this is not merely due to the increased supply of glucose acceptors for the Pho1 reaction.
Fourthly, the debranching enzyme PaISA did not interfere directly with the interaction between Pho1 and BE because the amount of glucan synthesized was not significantly reduced (Fig. 3) . It should be noted that some branched glucans with short chains of from DP6 to about DP25 were retained even in the presence of PaISA in the reaction mixture (Fig. 4) . The result confirms the close association between Pho1 and BEI although it remains an unresolved question whether such branched glucans mediate the physical interaction between Pho1 and BEI.
All these results clearly show a close and selective interaction between Pho1 and BE, although the mechanism by which they interact is unknown.
Possible physiological role of the interaction between Pho1 and BE
Our recent results with the pho1 mutant from rice indicate that Pho1 is involved in starch biosynthesis in the endosperm (Satoh et al. 2008) . Fettke et al. (2010) also found that the G1P pathway including the Pho1 reaction is involved in starch synthesis in potato tuber. In vitro analysis of rice Pho1 suggests that Pho1 can plays a part in glucan synthesis under physiological conditions (Hwang et al. 2010) . In contrast, it has been proposed that Pho1 actually contributes to the degradation of glucans, but not to their synthesis because the ratio of the concentration of Pi to that of G1P is higher in the cell under physiological conditions (Preiss and Sivak 1996) . We hypothesize that Pho1 plays an essential part in the process of initiation of starch synthesis in endosperm, although our understanding of the initiation process is limited at present (Satoh et al. 2008 , Jeon et al. 2010 . Unlike in glycogen, the fine structure of amylopectin is specific in that it is composed of clustered branching points permitting neighboring glucan chains to form double helices (Kainuma and French 1972, Hizukuri 1986 ) when the length of side chains reaches a DP of !10 (Gidley and Bulpin 1987). The highly organized tandem cluster structure of amylopectin must be constructed from multiple and complicated steps of enzymatic reactions. The tandem cluster structure of amylopectin can be efficiently generated by repetitive and concerted reactions of SS, BE and a starch debranching enzyme such as ISA (Nakamura 2002, Ball and Morell 2003) . In contrast, the structure and properties of primers and/or pre-amylopectin have been poorly understood, although several models or ideas for these compounds and processes have been proposed (Myers et al. 2000 , Jeon et al. 2010 ).
The present study proves for the first time that Pho1 can synthesize glucans or MDs by interacting with BE in the rice endosperm without an added primer. The effect of the presence of BE on the Pho1 glucan synthetic reaction is not merely to provide the glucan primer with Pho1 because the extent of glucan synthesis by Pho1 in the presence of BE but in the absence of exogenous glucan was much higher than that in the presence of glucans such as CD under its saturating concentration (Fig. 1B, C) , as described above. Another important feature of the interaction between Pho1 and BE is that the interaction between these enzymes is mediated by branched glucans, but not by linear glucans. This fact leads us to the idea that Pho1 and BE efficiently synthesize branched glucans or MDs by forming a physical association and that this synthesized glucan can be the primer for amylopectin synthesis. The hypothesis includes an important concept that the glucan primer for amylopectin synthesis is formed and develops while keeping the branched structure from the initial stage by the concerted interaction between enzymes catalyzing chain elongation and chain branching reactions such as that between Pho1 and BE.
The initial step of the Pho1 reaction needs some glucose acceptor such as dextrin, glucan or MOS even if BE co-exists in the reaction mixture. The apparent lag period in glucan synthesis when Pho1 plus BEI were present in the reaction mixture lacking any exogenous primer (Fig. 1B) suggested that glucan synthesis could proceed after a high enough amount of glucose acceptor was accumulated. Since the amount of dextrin or glucan included in the enzyme preparation for purified Pho1 and/or BE was too low to measure, it was difficult to characterize the compound which might play a role in the initial glucan synthesis during the lag period. The observation that glucans were synthesized either when the Pho1 preparation was purified from maturing rice endosperm or when the recombinant Pho1 preparation was used (data not shown) suggests that the close interaction between Pho1 and BE is intrinsic in the nature of both enzymes.
Our recent investigation established the properties of BE for reactivity towards branched dextrin or linear dextrin. The minimum chain length for linear dextrin is about DP48 for BEI and possibly larger than DP100 for BEIIa and BEIIb, while it is DP12 for branched glucans ). This result shows that branched glucan can be preferentially produced by the interaction between Pho1 and BE and possibly between SS and BE, whereas it is difficult to form branched glucan only from the BE reaction with linear dextrin or MOS. In fact, it is unlikely that linear dextrin with DP48 or higher is present in plastids. Although during amylopectin synthesis MOS with DP6-DP20 can be liberated during the trimming process of amylopectin clusters by ISA, these MOS must be too short for BE to be able to react with them. In that sense, branched dextrins must play a crucial role during the process of the initiation of amylopectin synthesis, although their structure and properties remain to be elucidated.
Recent biochemical investigations show protein-protein interactions among isozymes of amylopectin biosynthesis (Tetlow et al. 2004 . Physically associated protein complexes between SS, BE and/or Pho1 isozymes from endosperm amyloplasts were shown in both wheat and maize. For example, wheat amyloplasts included at least two protein complexes of about 260 kDa, SSI-SSIIa-BEIIa and SSI-SSIIaBEIIb , whereas interestingly the latter was converted to the SSI-SSIIa-BEI-BEIIa-Pho1 complex (Liu et al., 2009) in the BEIIb-deficient amylose-extender mutant. On the other hand, maize endosperm contained the SSI-SSIIa-BEIIb complex (Hennen-Bierwagen et al. 2008) . These results suggest that starch synthetic enzymes play distinct roles in starch biosynthesis by association with several types of multiple isozyme complexes. In fact, compared with the monomeric state, high molecular weight forms of BEII exhibit a high affinity for glucans ).
Materials and Methods
Reagents
G1P and CD were purchased from Wako Pure Chemical Industries, Ltd. and Ezaki Glico Co., Ltd., respectively. PaISA from Pseudomonas amyloderamosa, glucoamylase from Rhizopus sp. and a-amylase from Bacillus subtilis were obtained from Hayashibara Biochemical Laboratories Inc. and Seikagaku Biobusiness Corp.
Pre-treatment of G1P with glucoamylase
In a final volume of 300 ml, the mixture contained 10 mM Na-acetate buffer (pH 5.0), 500 mM G1P and 3 U of Rhizopus glucoamylase. Following incubation for 2 h at 37 C, the mixture was heated in a boiling water bath for 5 min. The pre-treated G1P was used in the enzymatic reaction between Pho1 and BE.
Preparation of purified recombinant BE isozymes from rice
Construction, induction and purification of recombinant BEI, BEIIa and BEIIb from rice were described previously ).
Preparation of purified Pho1 from maturing rice endosperm
Approximately 83 g of developing rice (japonica variety cultivar Nipponbare) seeds at the mid-to late milky stage were homogenized in 300 ml of medium A (50 mM imidazole-HCl, pH 7.4, 8 mM MgCl 2 and 50 mM 2-mercaptoethanol) including 12.5% (v/v) glycerol at 0-4 C. The homogenate was filtered through four layers of gauze and centrifuged twice at 10,000Âg at 4 C for 20 min. The supernatant was directly applied onto a HitrapQ HP (Amersham Biosciences) column (10 ml), which had been equilibrated with medium A. The proteins were eluted with a linear gradient of 0-1 M NaCl for 60 min at a flow rate of 2.0 ml min À1 . The Pho1 preparation was concentrated using an Ultrafree column (MilliporeA) to about 1.0 ml and added to the same volume of 2.0 M ammonium sulfate. The mixture was applied onto an Ether-5PW column (7.5 mm in diameterÂ75 mm in length, Tosoh Corporation), which had been equilibrated with medium A containing 1 M ammonium sulfate. The proteins were eluted with a descending linear gradient of 1.0-0 M ammonium sulfate in medium A for 60 min at a flow rate of 1.0 ml min
À1
. The fractions containing Pho1 activity were collected and concentrated to about 250 ml containing medium A and 12.5% glycerol using a Centricon 50 centrifugal concentrator (Millipore). The amount of protein was determined by the method of Bradford (1976) . a-Glucan synthesis by Pho1 in the absence or presence of CD and/or BE isozyme Except where stated, the enzymatic reaction in a final volume of 100 ml was performed in a mixture containing 50 mM HEPES-NaOH buffer (pH 7.0), 50 mM G1P which had been pre-treated with Rhizopus glucoamylase as described above, Pho1 enzyme (2.7 mg of protein) and the primer (50 mg of CD). In some assays, the primer was omitted. To examine the effects of addition of BE isozymes, either BEI (2.8 mg of protein), BEIIa (1.8 mg of protein) or BEIIb (3.6 mg of protein) was added to the reaction mixture. The reaction was run for 30 or 60 min at 30 C. When the synthesized glucans were detected by the iodine staining method, a portion (10 ml) of the reaction mixture was taken at appropriate intervals (0-60 min), and 2 ml of 1 M HCl was immediately added to terminate the reaction. To detect the glucans formed, 30 ml of the iodine solution (1% I 2 / 0.1% KI) was added to the terminated reaction mixture. Alternatively, at appropriate intervals the reaction was terminated by heating the reaction mixture in a boiling water bath for 5 min, and the mixture was subjected to measurement of the amount of glucans and analysis of the structure of glucans, such as chain length distribution and molar size.
The measurement of glucan content by the enzymatic method
The amount of glucan was determined using glucose as the standard by the enzymatic method as described previously (Wong et al. 2003) . For quantification of glucan synthesis by Pho1, three separate aliquots (10 ml) of the terminated reaction mixture were treated with Rhizopus sp. glucoamylase (3.3 U) and B. subtilis a-amylase (7.4 U) in 50 mM Na-acetate buffer (pH. 4.6) in a final volume of 100 ml at 40 C for 2 h to liberate glucose from glucans and/or MOS, and the incubation was terminated by heating the mixture in a boiling water bath for 5 min. An appropriate portion of the mixture was taken and the amount of glucose in the assay mixture (500 ml) was measured by the enzymatic method (Wong et al. 2003) . Each value was subjected to statistical analysis to determine the mean ± SD.
The amount of glucan and/or MOS included in the purchased G1P reagent or the purified BEI or Pho1 preparation was measured by the same enzymatic method. The G1P (50 mmol), BEI (50 mg of protein) or Pho1 (50 mg of protein) was incubated with Rhizopus sp. glucoamylase (3.3 U) in 100 ml of the solution including 50 mM Na-acetate buffer (pH. 4.6) at 30 C for 3 h, and heated in a boiling water bath for 5 min. The amount of glucose liberated from the reagent or the purified BEI or Pho1 preparation in the treated solution was measured as above.
Analysis of the chain length distribution of a-glucans synthesized by the enzymatic reaction Glucans in 50-90 ml of the reaction mixture were debranched by incubating them in a mixture containing 40 mM Na-acetate buffer (pH 4.4), PaISA (2 U; Hayashibara Biochem. Lab.) and Klebsiella pneumonia pullulanase (0.9 U; Wako Pure Chemical Industries, Ltd.) at 37 C overnight in a total volume of 0.3 ml. The glucan chain length distribution analysis of the resulting mixture was conducted by the FACE method after labeling of the glucans with APTS at their reducing ends according to the method of Morell et al. (1998) .
Debranching activity of PaISA toward CD
Under the conditions of the Pho1 assay, the debranching activity of PaISA was quantified using CD as substrate. The reaction mixture (a final volume of 100 ml) included 50 mM HEPES-NaOH buffer (pH 7.0), CD (100 mg) and PaISA (1-66 ng of protein). At intervals (1, 2, 3, 5, 15 and 30 min) during the reaction at 30 C, aliquots of the reaction mixture were withdrawn and the reaction was terminated by heating (100 C for 10 min). The amount of reducing ends of the resulting solution was measured by the bicinchoninic acid (BCA) method (Utsumi et al. 2009 ) using maltose as the standard.
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